Abnormal thyroid function profoundly alters calcium metabolism. In 1929, Aub, Bauer, Heath, and Ropes (1) demonstrated in patients on constant low calcium diets that urinary and fecal excretion of calcium and phosphorus is frequently increased in hyperthyroidism and lower than normal in myxedema. These changes could not be ascribed to elevation of metabolism per se (1) acidosis (2) or vitarmin D deficiency (3); they were observed even in the absence of the parathyroid glands (4, 5). In addition, roentgenographic evidence of skeletal demineralization has been described in patients with thyrotoxicosis (6).
Abnormal thyroid function profoundly alters calcium metabolism. In 1929, Aub, Bauer, Heath, and Ropes (1) demonstrated in patients on constant low calcium diets that urinary and fecal excretion of calcium and phosphorus is frequently increased in hyperthyroidism and lower than normal in myxedema. These changes could not be ascribed to elevation of metabolism per se (1) acidosis (2) or vitarmin D deficiency (3); they were observed even in the absence of the parathyroid glands (4, 5) . In addition, roentgenographic evidence of skeletal demineralization has been described in patients with thyrotoxicosis (6) .
The conventional balance techniques which have been used in the study of calcium metabolism in thyroid disease measure only net effects: they do not measure the processes of deposition and resorption of calcium. An indication of the skeletal turnover of calcium, however, can be obtained from serial observations of the specific activity of radioactive calcium (Ca45) in blood and urine after intravenous injection (7, 8) .
The present study was designed to define the alterations in calcium metabolism in thyroid disease in man by using Ca45 and the technique of isotope dilution. Observations have been made in euthyroid, hyperthyroid, and myxedematous subjects, and, for purposes of comparison, in additional euthyroid patients with Paget's disease and with hypoparathyroidism.
MATERIALS AND METHODS
All patients (Table I) were on the metabolic ward and were ambulatory throughout the study. Diets, which were constant and of neutral ash, contained from 0.08 to 0.23 grams of calcium per day (Table II) . In order to avoid tetany, the two hypoparathyroid subjects were given 0.31 and 0.57 grams, respecfively, of calcium 1 Aided by grants AT in their diets per day. Fluid intake was maintained at 2,000 to 2,500 ml. per day. Complete collections of urine and stool were begun after six days on the fixed diet. A three-day control collection of urine and feces was obtained prior to the administration of Ca.
The stock solution of Ca"Cl, 2 was acidified with concentrated HCI, added to 0.9 per cent NaCI solution to
give a final concentration of approximately 0.5 j&c per ml.
saline at a pH of 6, and autoclaved. Five to seven microcuries were injected from a calibrated syringe into an antecubital vein one hour before breakfast. Blood samples were obtained by venipuncture from the opposite arm at frequent intervals. Fractional urine collections were made for the first three days following injection, and daily thereafter. Stool collections were made 19 Euthyroid, hypoparathyroid, 1 yr. following thyroidectomy (Hypoparathyr. after Rx.) (1) 31 F Hyperthyroid (diffuse goiter) (Thyrtox.) (2) 31 Early myxedema (4 Inspection of the semi-logarithmic plot of specific activities in urine and serum against time suggested that the curves could be resolved into a series of three or possibly more decreasing exponential functions. This was of interest because of the possibility that each function represented a discrete calcium compartment within the body. The data were treated with this assumption in view.
Analysis of exponents: The method of curve analysis is illustrated in Figure 1 where serum and urine specific activities of an hyperthyroid subject are plotted against time in days. Serum specific activities are plotted for the first day. Since the radioactivity of many serum samples was low by 24 hours following the administration of Ca, urine specific activities are plotted from the second day onward. The data of all subjects have been treated in an identical manner. In Figure 1 (A) are plotted the observed specific activities from 0 to 9 days. The data from 1.25 to 8.5 days appeared to follow a single exponential function. By the method of least squares a fit of this range of the data to the function A,e-st yielded the solid line of Figure 1 (A) (A, is specific activity extrapolated to zero time, k. is the rate constant in fraction per day, and t is time in days). When this function was subtracted from the observed data, the values in Figure 1 (B) were derived. An analysis by least squares of the data between 0.13 and 0.67 days yielded the solid line in Figure 1 (B). When this line of slope k2 was extrapolated to zero time, the specific activity value of A2 was obtained. This line subtracted from the remaining data of Figure 1 Thus, the data are analyzed in the form:
Specific activity = Ale-,it + A2e-k2t + Aae-k3t. Compartments: The size of each "compartment" (Q) was obtained by dividing 100 per cent (the quantity of labeled calcium at zero time) by the extrapolated specific s The term "labeled calcium" refers to that quantity of calcium which was initially given to the patient as a tracer dose marked with radioactive calcium. This quantity is independent of radioactive decay. Calcium "pool': If specific activity
is known at time t, and the quantity retained in the body (100 per cent of administered Ca4 minus per cent excreted) is known, the per cent retained at time t divided by the specific activity at time t is the calcium "pool" at time t. The concept of a calcium "pool" makes no assumption based on the shape of the curves, but reflects the fact that a lower specific activity at any time means a larger mass of dilution. Calcium "pool" curves were derived from the ratio between the curve of labeled calcium retention and the specific activity curve for the various patients. The analysis of calcium metabolism presented here assumes that the calcium is first present in a small compartment with a rapid flow to and from a larger second compartment. This flow accounts for the initial rapid decline in the specific activity curve. The analysis continues in the same manner into a third and, in some cases, a fourth compartment. The basic assumption of equal specific activities after equilibrium can be made in an open system (i.e., a system involving excretion of the substance) only when the amount being excreted is small compared to the other routes of flow to and from the compartments being studied. The data appear to validate these assumptions over the time interval studied. However, at longer times, the specific activity of the urine and blood may diverge markedly from that of the bone compartments because the flow from the large bone compartments may be small compared to the ingestion and excretion of unlabeled calcium.
RESULTS

Ca45 data
The concentration of labeled calcium in the serum declined rapidly following injection and could not be measured in most patients in the sample taken seven days after administration of the radioactive calcium. Within the first hour after injection, Ca45 appeared in the urine. Urine radioactivity was readily measurable throughout the period of study (9 to 21 days). There was no correlation between the total labeled calcium and the total stable calcium excreted over a 9-day period of observation (Table III) .
Urine and serum specific activities yielded curves of characteristic form when plotted against time on semi-logarithmic paper (Figures 2-5) . The specific activity of calcium in the serum was in all cases the same as that of the urine collection corresponding to the serum sample. Fecal specific activity was almost always less than that of the urine or serum sample in the midpoint of the collection period and fell off at a rate similar to that of urine.
In Figure 2 are plotted the data of a control subject (R. P.). An initial rapid fall in specific activity of blood and urine was followed by a slower, linear decline from the second to the eighteenth day after administration of Ca 5. In contrast, the curve of specific activity of the hyperthyroid subo00. 80 ject (F. W., Figure 3 ) showed a more rapid fall to lower levels. In the subject with myxedema (W. W., Figure 4 ) there was a very slow fall in specific activity following the rapid initial decline. In subject A. W. (Figure 5 ) with Paget's disease, the drop in specific activity was very fast for the first eight days. The curve declined more slowly during the remaining 14-day period of observation.
Values for coefficients, rate constants and their standard deviations appear in Table IV TrAmE(DArS) roid subjects, k3 ranged from 0.215 to 0.288 per day. When one of the thyrotoxic subjects was restudied four months after thyroidectomy, this third slope had decreased to 0.150 per day. In two female patients with myxedema of several years' duration, these values were 0.063 and 0.072 per day. Then metabolic rates were returned to normal with desiccated thyroid. Five months later, the values for k3 were found to have risen to 0.150 and 0.174, respectively. Dimensions of the various compartments also appear in Table IV . The size of all compartments, especially the third, was greatest in the hyperthyroid subjects and those with Paget's disease. Comparttments were smallest in the subjects with untreated myxedema and in subject E. N. with hypoparathyroidism.
The values for the calcium "pool" at nine days after administration of Ca45 are in Table III . Hyperthyroid subjects and those with Paget's disease had the largest "pools". These ranged from 47 to 333 grams. The myxedematous subjects and the 14 16 Is 
DISCUSSION
The nature of the processes governing uptake by the skeleton of labeled calcium and phosphorus has been studied by microradioautography and comparative x-ray photography. Engfeldt, Engstr6m, and Zetterstrom (13) have shown that P'2 is deposited in cortical bone in discrete locations corresponding to individual Haversian systems. Radioactivity was most intense in those osteons of least density by x-ray and therefore of most recent origin. In similar studies employing Ca , Lacroix (14) also demonstrated that radioactivity is detected in compact bone only where osteogenesis is taking place, i.e., in the absorption cavities which are being filled by concentric lamellae of new bone. Lacroix (14) also demonstrated that in this regard cancellous bone behaves like compact bone. In addition, there is evidence that in vitro ion exchange and recrystallization processes occur to a greater extent in bone crystals from areas of recent origin than in older established bone (15) .
The present study provides further information on the mobility and deposition of the calcium stores of the body as disclosed by observations REMAININ iVITY AT TIME t/ SPECIFIC ACTIVITY AT TIME t LOGARITHMICALLY VERSUS TIME It is apparent that Ca' in the hyperthyroid subjects exchanges with a calcium and more rapidly than normal.
for the initial rapid fall in serum specific activity of labeled calcium after intravenous administration. In view of the small size of this compartment and its high rate constant it probably represents extracellular fluid. In support of this assumption is the close agreement of the calculated values of calcium content of the extracellular fluid and those obtained from analysis of the curve of isotope dilution (Table IV ). An insufficient number of blood samples were drawn in the first 30 minutes after injection of labeled calcium to distinguish between serum and interstitial fluid distribution.
The second and third compartments reflect reversible processes. Flow rates from the first to the second (k1Q,) and from the second to the third (k2 [Q1 + Q2]) are of too great a magnitude to be explained by an irreversible skeletal deposition of calcium salts, but are in keeping with ion ex-IS PLOTTED SEMIlarger quantity of change at the surface of bone crystals and equilibration of surface ions with those in the crystal interior, i.e., recrystallization (15) . Formation of new bone crystals incorporating the labeled calcium is consistent with flow (k8 [Q1 + Q2 + Q8]) from the third compartment. Whatever their exact significance, the compartments and flow rates observed were sensitive to varying levels of thyroid gland function.
In all patients studied the exchange between the calcium in the extracellular fluid and that in bone was very rapid. Nevertheless, the concentration of stable calcium in the blood (and extracellular fluid) remained quite constant. The quantity of calcium exchanged was far greater than the net quantity of calcium transferred from the bone to the extracellular fluid. In those subjects in negative balance, the net calcium lost (excreted) from the extracellular fluid was then rapidly replaced from the larger bone pools. This suggests part of the mechanism whereby serum levels can be maintained and controlled.
In all four hyperthyroid subjects the size of the calcium compartments and the rates of flow from these compartments were distinctly greater than in the euthyroid controls. This indicates increased osteogenesis. Calculation of the rate of calcium "accretion" from the data obtained in the present study by the method of Bauer, Carlsson, and Lindquist (16) supports this concept. Since these patients were in negative calcium balance on a low calcium intake, bone destruction as well as bone formation was proceeding at an increased rate. In myxedema, there was a slower rate of these processes. When myxedema was treated, the rate of fall of specific activity and the size of the compartments increased.
In hyperthyroidism, excessive destruction of bone may be the primary event. In addition, under the conditions of the present study, there may have been increased bone resorption in response to the low dietary intake of calcium. However, the weakened bones were able to respond with an increase in osteoblastic activity followed by deposition of mineral. This is what is pictured to occur in "osteitis fibrosa." Askanazy and Rutishauser (17) and, later, Follis (18) reported microscopic evidence of bone destruction in patients dying with hyperthyroidism. In Follis' series of 20 patients, osteitis fibrosa was found in the vertebral bodies of all, whereas osteoporosis was observed only in four subjects. These findings are thus not compatible with the concept that the primary bone disease of thyrotoxicosis is osteoporosis, defined as decreased bone formation from a failure of matrix formation, with bone destruction proceeding at a normal rate (19) . The elevated concentration of alkaline phosphatase in the serum of patient F. W. when thyrotoxic also supports the concept of increased bone formation and is consistent with reported observations in other hyperthyroid patients (20) and the finding of increased bone phosphatase. in animals given excessive doses of thyroid (21) .
It is possible that nutritional or other factors may adversely affect bone formation in other patients with hyperthyroidism. All in the present study were adults. Those females with abnormal thyroid function were pre-menopausal. Age may have been a factor in that the younger individuals studied here conceivably had a greater capacity to respond with an increase in osteogenesis. The two hyperthyroid subjects, F. W. and J. B., who were in the most negative calcium balance, were nearly in nitrogen equilibrium. This fact is contrary to the view that the hypercalcuria of hyperthyroidism is directly related to nitrogen losses (22) .
The turnover of calcium in the bones may be related to blood flow. For this reason, two patients with Paget's disease of bone were studied. Often in osteitis deformans there is an increase in cardiac output and bone blood flow (23) . The increase in vascularity could involve a greater exposure of bone crystals to Ca" in circulating fluids and thereby increase the exchangeable surface. Both patients demonstrated an increased skeletal turnover of calcium. Both had extensive disease and elevation of the serum concentration of alkaline phosphatase. Increase in the vascularity of the skeleton in hyperthyroidism could influence skeletal uptake in the same direction, whereas decreased vascularity could have the opposite effect in myxedema. Blood flow in other organs is known to be decreased in myxedema (24) .
Relief of the hypothyroid state was followed by a decreased turnover of skeletal calcium. Patient F. W., who demonstrated marked calcium losses and rapid turnover of skeletal calcium when hyperthyroid, still showed a rapid fall in specific activity one year 'after thyroidectomy, when euthyroid but hypoparathyroid. At the time of the second study, the size of the calcium compartments was much smaller and the calcium "pool" at nine days considerably decreased compared to the initial study. Nevertheless, the values were higher than expected by comparison to other subjects studied. It is possible that this patient had not remineralized his bones completely at the time of the second study.
Similarly, the hyperthyroid subject, L. S., restudied when myxedematous four months after thyroidectomy, showed a decrease by a factor of two in rates of flow of calcium in and out of the osseous compartments, but the values were then about the same as the euthyroid controls. At the same time, urinary and fecal calcium excretion were reduced by a factor of four. This implies that after withdrawal of the thyroid hormone, a decrease in the rate of bone destruction occurs sooner than a decrease in osteogenesis.
The effects of thyroid hormone are probably not mediated by the parathyroids. Aub, Albright, Bauer, and Rossmeisl (4) demonstrated that thyroid increases the serum and urinary calcium in patients with idiopathic and surgical hypoparathyroidism. Cope (1) and are contrary to the concept proposed by Robertson (25) that the primary effect of the thyroid hormone on calcium metabolism is on the kidney alone. The finding of hypercalcuria, often extreme in some patients with hyperthyroidism, in the presence .of normal serum calcium suggests either an increase in filtered load or decreased tubular reabsorption.
SUMMARY AND CONCLUSIONS 1. Radioactive calcium (Ca45) was given intravenously to patients with hyperthyroidism and myxedema. Euthyroid subjects and patients with Paget's disease of bone, and others with hypoparathyroidism were similarly studied. Several patients were studied before and after appropriate treatment. Total quantities of the isotope excreted and specific activities of the serum, urine, and feces were determined frequently for 9 to 22 days. In addition, stable calcium, phosphorus, and nitrogen balances were performed on each subject.
2. In four subjects with hyperthyroidism, specific activity of serum and urine declined more rapidly and to lower levels than in euthyroid controls. In contrast, two myxedematous patients demonstrated the least fall in specific activity. After five months of treatment of the myxedema specific activity curves were found to decline at the same rate as in the control patients.
3. Observation of all the specific activity curves suggests that they can be analyzed into a series of decreasing exponential functions. It is proposed that each function represents a discrete calcium compartment within the body. 4 . Changing thyroid function modifies the size of the calcium compartments and the rate of flow to and from these compartrnents. Compartment sizes and flow rates are greatest in hyperthyroidism and Paget's disease of bone and least in myxedema.
5. Two of four hyperthyroid subjects were in nitrogen equilibrium, despite which they showed marked losses of calcium in the urine and feces.
6. The findings indicate that bone formation as well as destruction are proceeding at increased rates in thyrotoxicosis.
